Abstract: Multi-layer MoS 2 offers numerous advantages over mono-layer MoS 2 in terms of improved absorption, enhanced emission and high optical density of states, which make it a better candidate for devices. However, the selective tuning of the direct-band emissions in multi-layer MoS 2 is essential for various optoelectronic applications. In this work, we have demonstrated a systematic tuning of direct-band transitions in multi-layer MoS 2 using Au coating prepared by sputtering and e-beam evaporation. We observed nearly 80-fold enhancement in the ratio of direct-to indirect-peak intensity with Au coating (e-beam) to that of the direct-to indirect-peak intensity of pristine samples. Along with that, complete quenching in the emissions corresponding to I-valley has been observed with Au coating. This work provides new dimensions towards the realization of plasmonic/optoelectronic devices based on multi-layer MoS 2 .
Introduction
In recent years, 2D semiconductors have attracted substantial attention of scientific community due to their excellent optical, electrical, and mechanical properties [1] - [3] . As far as their application in optoelectronics and nanoelectronics is concerned, 2D semiconductors and especially transition metal dichalcogenides (TMDs) have offered several advantages in comparison to the conventional semiconductors like Si, Ge, GaAs etc. [4] . MoS 2 is one of the most popular TMDs, which has all the credentials to become the most eligible candidate for next generation nano/opto-electronics [5] , [6] . The unique feature of layer dependent optical and electronic properties of MoS 2 has attracted tremendous attention of scientific community in the recent years [7] - [9] . Multi-layer MoS 2 has several advantages over mono-layer and few-layer limits such as relatively large optical density of states, high photon absorbing/emitting ability etc., which qualifies it for practical device applications [10] . Beyond three-layers, MoS 2 shows transitions related to indirect-valley, which become intense with increase in the number of layers.
In order to make multi-layer MoS 2 direct band material, several attempts have been made in recent 2-3 years by employing proton irradiation, plasma treatment etc. [11] - [13] . Wang et al. have used proton irradiation technique followed by annealing at an elevated temperature to tune indirect bandgap to direct bandgap transition in few-layer MoS 2 [11] . Very recently, Foran et al. have demonstrated the effect of proton radiation-induced defects on the emission properties of few-layer MoS 2 [12] . Additionally, Dhall et al. have discussed the effect of plasma treatment on the MoS 2 samples (upto 15 layers) where, photoluminescence (PL) efficiency has been found to increase due to the de-coupling of electronic states in individual layers [13] . In all the aforementioned articles, the maximum thickness of MoS 2 was 15 nm. It must be noted here that although these techniques are very effective to tune the direct bandgap transition in multi-layer MoS 2 , but they are nonaffordable due to lack of simple and inexpensive processing technique. Therefore, a simplified process with low economic cost is highly desired for this purpose.
Localized surface plasmons, i.e., collective oscillation of electrons associated with metal nanoparticles have been previously used to influence the emission properties of multi-layer MoS 2 [14] , [15] . Mostly, for mono-layer and few-layer MoS 2 , it was found that Au coating can quench the PL [16] . Besides, there are few reports on the PL enhancement also [15] . Multi-layer MoS 2 with thickness more than 15 nm have never been explored systematically for the understanding of plasmonexciton interaction. Moreover, the development of understanding of metal coating techniques has never been explored to the best of our knowledge. In the present work, we have studied the effect of Au coating prepared by sputtering and e-beam evaporation on the PL properties of multilayer MoS 2 . We observed that Au coating using e-beam evaporation (EBE) can enhance the ratio of A-to I-peak by nearly 80 times to that of the A-to I-peak ratio of pristine samples. It was also found that the plasmon resonance play a vital role for tuning the multilayer MoS 2 PL, which is well supported by our proposed mechanism. This work provides a simple and effective way to selectively tune the emission properties of multilayer MoS 2 and has the potential to open new dimensions towards future optical technologies.
Experimental Details
High purity MoS 2 crystal was procured from Graphene supermarket. For sample preparation the MoS 2 crystal was mechanically exfoliated using Scotch tape and then transferred on SiO 2 (285 nm)/Si substrate. Au coating (5 nm) was performed by sputtering and e-beam evaporation. The thickness of Au was measured using inbuilt crystal detector. Atomic force microscope (AFM) measurement was carried out in tapping mode using Brucker edge dimension system. Such mechanically exfoliated MoS 2 with thickness >15 nm and Au coated films (Au (sputtering, EBE/multilayer MoS 2 ) were investigated using PL and Raman spectroscopy (HORIBA LabRAM). All the measurements were carried out in a confocal microscopy setup using 488 nm and 633 nm continuous wave (CW) laser with spot size ∼1 µm. as the previous reports have not explored upto this thickness. The corresponding height variation is shown below every AFM image. Interestingly, pristine samples were found to be clean at the surface, however Au coated samples have shown a clear change in the surface roughness especially for samples with Au coating using sputtering. The small dots on the Au coated samples are Au clusters, which is more evident in the case of sputtering [17] . Au follows Volmer-Weber growth mode on MoS 2 and therefore formation of clusters is evident [18] . The corresponding Kelvin probe force microscopy (KPFM) images (not shown in the article), where a clear change in contact potential difference has been observed with Au coating using sputtering in the terms of color contrast.
Results
Figure 2(a) shows the room temperature PL spectra of pristine MoS 2 , Au (sputtering)/multi-layer MoS 2 and Au (EBE)/multi-layer MoS 2 samples excited with 488 nm light source. For multi-layer MoS 2 , usually two distinguishable peaks with peak positions at 1.84 eV and 1.35 eV has been reported in literature and in well agreement with our results [9] , [19] . The peak observed at 1.84 eV, corresponds to A-direct exciton transition, while the peak at 1.35 eV can be assigned to the indirect transition [19] . B-direct exciton transition was also observed as a shoulder peak with peak position close to 2.0 eV [20] . The presence of indirect transitions in the PL spectra hinders the viability of MoS 2 .
With Au coating several interesting features have been observed in the PL spectra. In both the cases of metal coating (sputtering and EBE) a clear suppression in the emissions corresponds to I-valley has been observed. Interestingly, with Au (EBE)/MoS 2 samples, a significant enhancement (by nearly 80 times) in the ratio of the intensity of A-peak to I-peak of Au (EBE)/MoS 2 samples to that of the A-to I-peak ratio of pristine samples was observed. Moreover, complete quenching of the indirect transitions has been observed. While in the case of Au coating using sputtering, evolution of a new peak at 1.67 eV has been observed which can be assigned to the defect emissions, as the sulphur-vacancy (S-vacancy) states lie nearly at 1.67 eV and became dominating with Au coating. Not only A-peak and defect peaks but the B-peak intensity was also found to be tuned with Au coating. Figure 2(b) shows the ratio of the intensity value of A-and B-peaks to that of I-peak intensity for pristine and Au coated samples. For both the sputtered and e-beam coated samples a clear enhancement in the ratio of the intensity of A-peak to I-peak of Au/MoS 2 samples to that of the A-to I-peak ratio of pristine samples has been observed. However, in case of EBE the enhancement is substantial without causing any significant defect assisted emission. It must be noted here that total quenching in the PL has been observed in case of samples having thickness less than 20 nm. The Raman spectra of Au (EBE)/MoS 2 and Au (sputtering)/MoS 2 samples recorded with 488 nm excitation is shown in the inset of Fig. 2(b) . Multiple peaks between 140 cm −1 to 350 cm −1 have been observed in case of Au (sputtering)/MoS 2 samples, which can be assigned to the distortion in the lattice of MoS 2 due to Au sputtering [21] .
The PL spectra at 100 K are shown in Fig. 3(a) . Similar trends were observed at low temperatures with complete quenching of I-valley emission in case of Au coated samples i.e., suppression of indirect transitions in case of Au coating. Interestingly, for Au (sputtering)/MoS 2 samples the defect related emission is dominating one and is expected at such a low temperature. While, Au (EBE)/MoS 2 samples the dominating direct transition with no defect related emissions suggests its better suitability for tuning multilayer MoS 2 into a direct transition material. The enhancement was observed to be more in Au (sputtering)/MoS 2 samples (as shown in Fig. 3(b) . The tuning of A-to I-peak intensity ratio is dependent on the transfer of electrons from I-valley to Au and therefore involves phonons, thus the enhancement factors are low at 100 K.
In order to verify whether, plasmon resonance is playing a key role, the PL spectra were recorded with the excitation of 633 nm laser (as shown in Fig. 4(a) . Interestingly, decrease in the PL corresponding to both A-peak and indirect emission was observed. The suppression of PL in both the cases i.e., sputtering and EBE clearly suggests involvement of surface plasmon resonance in the case of Au coated MoS 2 samples. It is important to mention here that though there is a decrease in the PL intensity, the ratio of A-peak to I-peak has been found to increase with Au coating, which suggests more transfer of electrons present at the indirect valley to Au Fermi level. The room temperature resonant Raman spectra measured on multilayer MoS 2 flakes are shown in Fig. 4(b) . In general, the resonant Raman spectra of MoS 2 consist of two characteristic peaks at 385 cm −1 and 405 cm −1 . These peaks correspond to E 2g and A 1g modes of MoS 2 , respectively. For monolayer limit the difference is nearly 19 cm −1 , while for thick layers it is expected to be higher. The difference in the Raman shift between these two peaks was found to be ∼25 cm −1 , which is in good agreement with the previously reported value for thick MoS 2 flakes [22] , [23] . Moreover, there is a clear splitting in 2LA mode (452 cm −1 ) and E 1g +XA mode (465 cm −1 ) in case of Au sputtered MoS 2 samples. However, in the case of pristine as well as EBE samples no splitting was observed. It suggests the involvement of phonon contribution thereby leading to defect assisted emission in case of sputtering [23] .
As mentioned earlier, the transfer of electrons from MoS 2 conduction band to Au Fermi level will supress the PL, as the Schottky contact will reduce the rate of radiative recombination. The quenching in PL was observed for monolayer Mos2 and few layer MoS 2 samples (thickness less than 15 nm) for both the excitations i.e., 488 nm and 633 nm, which clearly indicates that for monolayer and few layers, Schottky behaviour of Au plays dominant role and therefore lead to quenching of PL. On the other hand for multi-layer samples with thickness more than 20 nm (the samples considered for this work) have shown clear enhancement in the PL due to transfer of electrons from I-valley to Au Fermi level and hereafter to CB of MoS 2 . In order to get a significant direct band transitions substantial charge carriers should be present at I-valley, which is possible in multilayer MoS 2 with thickness greater than 20 nm. The quenching of PL in case of Au coated samples with 633 nm excitation justifies the presence of charge transfer from I-valley to Au Fermi level. The mechanism is depicted as a schematic if Fig. 5 . In case of sputtering defect states between conduction band and I-valley will form. The dominant defect related emission in the case of sputtering suggests transfer of electrons from Au to defect energy level. However, in the case of 633 nm excitation, the transfer of electrons is less probable, which is clearly evident from the PL spectra (as shown in Fig. 4(a) ), as there is no significant red shift in the peak positions. The charge transfer mechanism (explained in the Fig. 5 ) will be prominent at 488 nm excitation and negligible at 633 nm excitation.
Conclusion
In conclusion, we present systematic studies on the effect of Au coating on the PL spectra of multilayer MoS 2 . Selective enhancement of direct transitions was observed in multilayer MoS 2 films with Au coating prepared by e-beam evaporation. It was found that the plasmon resonance play a vital role in the tuning of multilayer MoS 2 PL, which is well supported by our proposed mechanism. Au coating on multi-layer MoS 2 was believed to be a robust way to convert this material from an indirect bandgap semiconductor into direct bandgap semiconductor. This work provides a simple and effective way to selectively tune the emission properties of multilayer MoS 2 and has the potential to open new dimensions towards future optical technologies.
